When rat erythrocytes were preincubated with 2-deoxy-D-glucose, the generation of both 3H-labelled acidic metabolites and 3HOH from D-[5-3H]glucose, the total production of L-lactate, and the generation of 14CO2, 14C-labelled acidic metabolites and 14C-labelled lactate from D- 3H]glucose should therefore be considered as a tool to assess the efficiency of interconversion of hexose 6-phosphates in the reaction catalysed by phosphoglucoisomerase, rather than to estimate D-glucose phosphorylation rate.
INTRODUCTION
The generation of 3HOH from D- [2-3H] glucose is often used to assess the rate of D-glucose phosphorylation in intact cells [1] . Yet, in several cell types, such a generation underestimates the true rate of D-glucose phosphorylation [2] , owing to incomplete detritiation of hexose 6-phosphates in the reaction catalysed by phosphoglucoisomerase. This situation is attributable to the conjunction of several factors, including intramolecular transfer of 3H from D-[2-3H]glucose 6-phosphate to the so-called 'iso' diastereomer of D-[1-3H]fructose 6-phosphate [3] , marked isotopic discrimination towards these 3H-labelled esters [4, 5] and, possibly, enzyme-to-enzyme channelling of hexose 6-phosphates in the early steps of glycolysis [6] .
The present study reveals that, in rat erythrocytes preincubated with 2-deoxy-D-glucose, the generation of 3HOH from D- [2-3H] glucose is impaired in preference to other metabolic variables, such as the conversion of D- [5-3H] glucose into 3HOH. Our results do not solely confirm that the generation of 3HOH from D- [2-3H] glucose underestimates D-glucose phosphorylation, but also reveal that the relative extent of such an underestimation may itself be affected, in a given cell type, by selected factors.
MATERIALS AND METHODS

Experiments in rat erythrocytes
The method used to measure D-glucose metabolism in rat erythrocytes was described previously [7] . Briefly, blood was collected in heparinized tubes. The erythrocytes were separated from the plasma and buffy coat and resuspended in a saltbalanced medium prepared in a Hepes/NaOH buffer containing BSA. This suspension was kept for 30 min on ice or preincubated for 30 min at 37°C either in the absence of any hexose or in the presence of 3-O-methyl-D-glucose (16.7 mM) or 2-deoxy-D-glucose (16.7 mM). The erythrocytes were then washed twice and eventually incubated for 90 min at 37°C in 0.1 ml of medium containing 8.3 mM-D-glucose mixed with a tracer amount of 3H-or 14C-labelled D-glucose. The generation of 3HOH [8] , 14CO2 [9] , radioactive acidic metabolites [10] or L-lactate [11, 12] and total production of L-lactate [13] were measured as described in the cited references.
Experiments with purified enzymes
For the study of bovine heart hexokinase (EC 2.7.1.1; Sigma,. St. Louis, MO, U.S.A.), incubations were conducted over 20 min at 37°C in 0.1 ml of Tris/HCl buffer (50 mi, pH 7.5) containing D-glucose, mixed with a tracer amount of D-[U-14C]glucose, MgCl2 (7.0 mM), EDTA (1.0 mM), ATP (5.0 mM; sodium salt) and, when required, 2-deoxy-D-glucose or 2-deoxy-D-glucose 6-phosphate. The reaction was initiated by addition of hexokinase and stopped by heating for 5 min at 80°C, D-[U-14C]glucose 6-phosphate then being separated by anion-exchange chromatography [10] .
Two methods were used for the study of glucose-6-phosphate dehydrogenase from Leuconostoc mesenteroides (EC 1.1.1.49; Boehringer, Mannheim, Germany). In the first method, a portion (0.1 ml) of Tris/HCl buffer (50 mm, pH 7.5) contained D-glucose 6-phosphate and/or 2-deoxy-D-glucose 6-phosphate, MgCl2 (7.0 mM), EDTA (1.0 mM) and ammonium acetate (25 mM). The reaction was initiated by adding 0.1 ml of the same buffer containing 2-oxoglutarate (10 mM) mixed with a tracer amount of 2-oxo[I-_4C]glutarate, ADP (1.0 mM), NADI (2.0 mM), glucose-6-phosphate dehydrogenase (approx. 17 m-units/ml) and bovine liver glutamate dehydrogenase (3.0 units/ml; EC 1.4.1.3; Boehringer). After incubation for 20 min at 37°C, the reaction was halted by heating for 5 min at 80 'C. The samples were examined for their content of L-[14C]glutamate, which was separated by ion-exchange chromatography [14] . All measurements were read against NADH standards treated in the same manner.
In the second method, the assay medium (0.2 ml) consisted of the same Tris/HCl buffer containing D-glucOse 6-phosphate, mixed with a tracer amount of D-[1-14C]glucose 6-phosphate, NADP+ (5.0 mM) and yeast 6-phosphogluconate dehydrogenase The production of L-lactate was significantly decreased in cells preincubated with 2-deoxy-D-glucose. However, relative to the total generation of 3H-labelled metabolites from D- [5-3H] glucose, the production of L-lactate was not significantly affected by the presence or absence of an hexose in the preincubation medium. Thus the paired ratio between L-lactate production, expressed as glucose equivalents, and total generation of 3H-labelled metabolites from D- [5-3H] (20) 3000+95 (20) 1493 +68 (20) 315+30 (16) 5082 +227 (29) 164+6 (12) 4511 + 120 (12) 1810+84 (8) 37+2 (12) 4583 + 144 (12) 1793 +7 (8) 5163+ 167 (20) 359+ 31 (20) 3334+119 (20) 1733 +94 (20) (8) 35+2 (12) 4232+ 101 (12) [7] .
Enzymic data
The findings so far reported led us to explore the effect of either 2-deoxy-D-glucose or 2-deoxy-D-glucose 6-phosphate on selected enzymic reactions. These experiments were conducted with enzymes purified from biological sources other than rat erythrocytes.
The phosphorylation of D-[U-14C]glucose by bovine heart hexokinase yielded a Km for D-glucose close to 64 /tM (Fig. la) . The phosphorylation of D-[U-14C]glucose was inhibited by 2-deoxy-D-glucose, the relative extent of such an inhibition being inversely related to the concentration of D-glucose. For instance, when 2-deoxy-D-glucose was tested at a concentration of 3.0 mm, the relative extent of its inhibitory action on D-[U-'4C]glucose phosphorylation progressively decreased from 84.9 + 0.2 to 24.9 + 1.6 % as the concentration of the latter hexose was increased from 31 /M to 2.0 mM. As shown in Fig. 1(a) (Fig. lc) . The K, for the inhibitory action of 2-deoxy-D-glucose 6-phosphate was 4.3 mm (Fig. ld) , well in excess of that characterizing the inhibitory action of Dglucose 6-phosphate on mammalian hexokinase [15, 16] .
At a concentration of 3.0 mi, 2-deoxy-D-glucose 6-phosphate failed to affect significantly the generation of NADH from NADI and D-glucose 6-phosphate in the reaction catalysed by glucose-6-phosphate dehydrogenase (Fig. 2a) . Even when tested at 10 mm concentration, 2-deoxy-D-glucose 6-phosphate did not affect the reaction velocity significantly (results not shown).
These negative results could not be ascribed to any contribution of 2-deoxy-D-glucose 6-phosphate as a substrate in the latter reaction, at least under the present experimental conditions [17] . Indeed, when 2-deoxy-D-glucose 6-phosphate (0.25-2.0 mM) was tested in the absence of D-glucose 6-phosphate but in the presence of NADI, it failed to generate NADH in the reaction catalysed by glucose-6-phosphate dehydrogenase from Leuconostoc mesenteroides. Moreover, 2-deoxy-D-glucose 6-phosphate (3.0 mM) also failed to affect the velocity of the reaction catalysed by glucose-6-phosphate dehydrogenase when D-[1-14C]glucose 6- phosphate was used as substrate, with 6-phosphogluconate dehydrogenase present as the auxiliary enzyme and 14CO2 measured as the end product (Fig. 2b) . (Fig. 3) . In these experiments, phosphofructokinase was used as the auxiliary enzyme, the reaction velocity being judged from the production of D-[1-14C]fructose 1,6-bisphosphate. The inhibitory action of 2-deoxy-D-glucose 6-phosphate on the phosphoglucoisomerase reaction appeared of the non-competitive type (Fig. 3a) . The relative extent of such an inhibitory action was indeed not affected by a rise in D-[1-14C]glucose 6-phosphate concentration in the 0.1-1.0 mm range.
The Ki for 2-deoxy-D-glucose 6-phosphate was close to 0.5 mm (Fig. 3b) . Incidentally, 2-deoxy-D-glucose (0.3-3.0 mM) failed to exert any obvious effect on the activity of phosphoglucoisomerase (results not shown). The decrease in D-[1-14C]fructose 1,6-bisphosphate production caused by 2-deoxy-D-glucose 6-phosphate was not attributable to inhibition of the auxiliary enzyme phosphofructokinase. Indeed, after incubation in the presence of 2-deoxy-D-glucose 6-phosphate, the amount of D-[1-14C]fructose 6-phosphate present in the assay medium was not higher than that found in the absence of 2-deoxy-D-glucose 6-phosphate and did not exceed 0. D-[2-3H]Glucose conversion into 3HOH in erythrocytes ATP (1.0 mM), for 90 min at 37°C to yeast phosphoglucoisomerase (5 m-units/ml) and excess rabbit muscle phosphofructokinase (1 unit/ml). In the control experiments carried out in the absence of 2-deoxy-D-glucose 6-phosphate, the intramolecular 3H transfer, as judged from the production of both D-[1-3H]fructose 1,6-bisphosphate and 3HOH, averaged 54.3 + 2.0 % (n = 6), in fair agreement with a prior observation [4] . When all available data were pooled, the intramolecular 3H transfer was somewhat higher (P < 0.02) in the presence of 2-deoxy-D-glucose 6- Our complementary enzymic data confirm the inhibitory action of 2-deoxy-D-glucose on D-glucose phosphorylation by mammalian hexokinase [18] and further indicate that 2-deoxy-Dglucose 6-phosphate also inhibits both the phosphorylation of D-glucose and the conversion of D-glucose 6-phosphate into D-fructose 6-phosphate as catalysed by phosphoglucoisomerase [19] .
In the light of these findings, it seems reasonable to propose that the fall in the ratio of3HOH production from D- [2-3H] When the preincubation was conducted in the presence of 2- deoxy-D-glucose, the ratio of 3HOH generation from D- [2-3H] glucose to that from D- [5-3H] glucose was decreased to a mean value of 38.6 + 1.3 %. This is the lowest value so far encountered in rat erythrocytes [2, 7] . It is close to the value that might be expected whenever D-[2-3H]glucose 6-phosphate is converted into D-[1-3H]fructose 6-phosphate without significant back-conversion of the ketohexose ester to the aldohexose ester [4] . The present findings indicate not only that the generation of 3HOH from D-[2-3H]glucose underestimates the rate of D-glucose phosphorylation, but also that the relative extent of such an underestimation is variable [20, 21] . A comparable, albeit not identical, situation had already been documented either in normal erythrocytes incubated at low temperature or in erythrocytes prepared from diabetic rats [22, 23] . In this respect, it should be emphasized that there is no universal relationship between the actual rate of glycolysis in erythrocytes and the ratio of 3HOH production from D- [2-3H] [7, 24] . 
